Process parameters to control the microstructure of particle reinforced MMC in the low pressure infiltration process (LPI process), have been investigated. The mixed powder of reinforcement particle and pure aluminum particle in various volume fraction was employed to control the volume fraction of the reinforcement particles in PRMMC. The Al-12 mass%Cu alloy melt was forced to infiltrate into the mixed powder layer by applying a certain pressure of argon gas on the melt surface. The pressure required to infiltrate remarkably increased from 0.05 to 0.5 MPa with a decrease in the particle size from 100 to 20 µm, indicating that the pressure at the advancing melt surface decreased due to the resistance based on a capillary force and a friction force between melt and particle. In the microstructure of PRMMC obtained, the reinforcement particles were homogeneously distributed and a linear relationship was obtained between the volume fraction of reinforcement particle in the mixed powder and the observed area fraction. It was found that a homogeneous particle distribution and accurate control of the volume fraction of reinforcement particles could be attained in the LPI process.
Introduction
The casting process in the fabrication of metal matrix composite (MMC) has been extensively studied, since it is superior to formability and productivity. In the representative casing processes, vortex process is an agitation method in which the reinforcement particle is mixed into the stirred melt directly. However, in the vortex process, there are some problems that it is difficult to achieve high volume fraction of reinforcement and that the particle distribution tends to be heterogeneous when the wettability between alloy melt and reinforcement particle is insufficient. In pressure infiltration process, where the melt is forced to infiltrate into the preform of reinforcement by high pressure, the product becomes expensive due to a large-scale facility required for the preparation of preform and the high-pressure infiltration (∼100 MPa). It has been reported in the work on the casting defects 1) that the molten metal infiltrates through the sand mold with a very low pressure of about 0.1 MPa when the size of sand particle is about 100 µm. This suggests a possibility of PRMMC fabrication with a low pressure of the order of MPa. In the present work, process parameters for the control of the microstructure of PRMMC in the low-pressure infiltration process (LPI process) were investigated.
Experimental
To investigate the effects of wettability to and reactivity with the alloy melt on the infiltration process, Al-12 mass%Cu alloy was used as a matrix. Al 2 O 3 , SiC and SiO 2 particles were used as reinforcement particles. The particle size of the reinforcement particles was distributed in the range from 20 to 150 µm. They were screened with a sieve * 1 This Paper was Originally Published in J. Japan Inst. Metals, 66 (2002) 371-376 in Japanese. * 2 Graduate Student, Nagasaki University. Present address: Takashimaya Nippatsu Kogyo Co., Ltd.
into fine (particle size: 50 µm under) and coarse (particle size: 50-100 µm) powders. The mixed powder consisting of reinforcement particles and pure aluminum particles (particle size: 100 µm) in various volume fraction (10-90%) was prepared to control the volume fraction of reinforcement particles in PRMMC. Silica tube of 15 mm in diameter was used as a container that had a small nozzle at the bottom to release the air inside the silica tube. Coarse alumina balls (particle size: 1 mm) were laid at the bottom part of the silica tube as a bed layer, then mixed powder layer and matrix alloy were piled up in order in the silica tube as shown in Fig.  1(a) . Then, the container was set in a low-pressure infiltration apparatus in Fig. 1(b) . The upper matrix alloy was melted by H. F. induction heating, then the alloy melt was forced to infiltrate into the mixed powder layer by applying an argon gas pressure on the melt surface. Pressing was stopped when a small amount of the alloy melt flowed out through the nozzle. To examine the effect of preheating temperature of metal particles in the mixed powder layer on the infiltration process, the pressure infiltration experiments were also carried out under the condition that the mixed powder was preheated to 1123 K above the liquidus temperature and kept for 1 min in the lower electric furnace ( Fig. 1(b) ) before the infiltration. The microstructure and solute distribution in the PRMMC specimens were examined on the vertical section with optical microscope and EDX-SEM. Interfacial reaction products were identified using XRD. Microvickers hardness of reinforcement particles in the specimens was measured using AKASHI MVK-H1 hardness tester with 0.098 N load in order to evaluate the bonding strength of the interface between reinforcement particle and matrix.
Results and Discussion
3.1 Dependence of infiltration pressure on particle size of reinforcement To investigate the dependence of infiltration pressure on particle size, the alloy melt was heated to 1123 K and then infiltrated into the SiC particle packed layer. The size of SiC particle and the infiltration pressure were varied from 20 to 100 µm and 0.1 to 0.5 MPa, respectively. The schematic illustration of the pressure balance at the advancing melt front in the pressure infiltration process is shown in Fig. 2 . P i is the infiltration pressure required to overcome the pressure opposing infiltration which is given by the sum of a capillary pressure (P γ ) and a pressure drop resulting from the friction between the alloy melt and the reinforcement particles (P f ). When P i is larger than the sum of P γ and P f , the alloy melt should be infiltrated into the particle packed layer. P γ and P f can be expressed by 2)
where θ is the contact angle for the alloy melt on the reinforcement particle, γ LV is the liquid-vapor interfacial energy, D P is the particle diameter, µ is the dynamic viscosity of alloy melt, K is the permeability of the particle packed layer, L P is the depth of infiltration, and R is the infiltration rate. The permeability of the particle packed layer is given by
where ε is the void fraction of the particle packed layer. The critical infiltration pressure, P * i , was calculated using parameters 3, 4) given in Table 1 for each particle size. The
Molten Metal
Reinforcement particle DP calculated results are shown with the experimental results in Fig. 3 . P * i increases exponentially with decreasing the particle size. Open circles and cross marks indicate that infiltration process has been done completely and incompletely, respectively. The experimental results are in good agreement with the calculated results. Then, assuming that in the mixed powder layer which consists of reinforcement particles and metal particles, both particles have the same size and are packed as in a face-centered cubic lattice and metal particles are melted and act as voids during infiltration, the void fraction, ε, is expressed by 5) 
where m is the number of replaced reinforcement particles by metal particles and f R is the replacement fraction, f R = m/4. The critical pressures, P * i , calculated from eqs. (1)- (4) for each replacement fraction, f R , are shown in Fig. 4 together with the experimental results for SiC particle/Al-Cu alloy composites. P * i decreases as f R becomes higher. The critical particle size at an infiltration pressure of 1 MPa decreases from 37 µm for f R = 0 to 4 µm for f R = 0.75. The experimental results fall on the calculated curves satisfactorily. This indicates that the critical pressure required for infiltration decreases significantly by using the mixed powder of reinforcement particles and metal particles. Thus, the low-pressure infiltration process using the mixed powder is advantageous in comparison with the current pressure infiltration methods.
Effect of superheat of alloy melt on infiltration rate
It is considered that the pressure required for infiltration and the infiltration rate should be changed with melt temper- Table 1 Parameters used for the calculation of P γ and P f . ature, because the viscosity of alloy melt is dependent upon melt temperature. Thus, the relationship between a superheat of alloy melt and the infiltration rate is examined. The infiltration rate was obtained by measuring the time required for the melt front to pass from the top of the SiC particle packed layer (20 mm thick) to the bottom of the coarse alumina ball layer (10 mm thick). The infiltration pressure was 0.1 MPa. Particle diameter was 150 µm. The relationship between the superheat and the infiltration rate is shown in Fig. 5 . The infiltration rate rises with increasing superheat when the superheat is in the range of 120 K to 220 K, and remains almost constant above 220 K. Since there is a possibility of the reaction between alloy melt and reinforcement particles at higher temperatures, the melt temperature of 1123 K (the superheat is 220 K) was selected in the present work.
3.3 Effect of preheating temperature of metal particles in mixed powder layer on infiltration process It is considered that the state of metal particles; i.e., the metal particles are in the molten state or not, should influence the infiltration process and the resulting microstructure formation. Therefore the pressure infiltration experiments were carried out under the conditions that the mixed powder was preheated above the liquidus temperature where metal particles were melted, and that the mixed powder was kept in unmelted state. In the former condition, the upper matrix alloy was melted by induction heating, then the silica tube container was moved down into the electric furnace held at 1123 K ( Fig. 1(b) ). After the metal particles were completely melted, the alloy melt was infiltrated into the mixed powder layer. The microstructures of Al 2 O 3 particle/Al-Cu alloy composites with 10% and 50% fraction of SiO 2 in volume (V P = 10% and 50%) fabricated under the conditions that metal particles was not melted and melted are shown in Fig.  6 (a) and Fig. 6(b) , respectively. Al 2 O 3 particles are almost homogenously distributed in the specimens obtained under the condition that metal particles were not melted. The particle volume fraction, V P , in the mixed powder before infiltration corresponded to the area fraction observed on the section of the composite. However, particle-free regions and a preferential flow path are observed in the specimens obtained under the condition that metal particles were melted. In the latter case with a heterogeneous distribution of the particles, the area fraction of the reinforcement particles was higher than that in the former case. Schematic representation of low-pressure infiltration process is shown in Fig. 7 . In the case where metal particles are not melted before infiltration, the metal particles are melted by contacting with alloy melt infiltrated from the top (Fig.  7(a) ), and then the molten metal particles are incorporated with the alloy melt. Since the reinforcement particles are fixed in their initial positions until the metal particles are replaced by the alloy melt and the time required for infiltration is very short, the movement of reinforcement particles would not occur during infiltration. On the other hand, when the metal particles are melted (Fig. 7(b) ), the molten metal particles will exist in granular shape, being coated with an oxide film. Thus the mechanism to keep the reinforcement particles at the initial positions, mentioned above, does not work and the reinforcement particles would flow downward with the alloy melt. Consequently, they tend to condense in the lower part of the specimen and the volume fraction of reinforcement particles in such a region becomes higher. In addition, a preferential flow path would be easily developed in such a condition, leading to a heterogeneous particle distribution. of the reinforcement in the mixed powder (V P = 10-90%) obtained under the condition that metal particles were not melted. The particle distribution in each specimen seems to be homogenous. The relationship between the particle volume fraction in the mixed powder before infiltration, V P , and the area fraction observed on the section of the composite, A P , is shown in Fig. 9 . The broken line shows a relationship if the reinforcement particles keep their initial positions throughout infiltration. A linear relationship was obtained although the observed area fraction tends to shift to higher values with increasing V P . This shift may result from a small downward movement of the reinforcement particles in the flow of alloy melt during infiltration. However, the shift is so small that the linear relation given in Fig. 9 is applicable to controlling the reinforcement particle distribution accurately under the condition that metal particles remain unmelted before infiltration.
3.4 Evaluation of bonding strength of reinforcement particle/matrix interface It is well known that reaction products formed on the interface of reinforcement and matrix remarkably injures the mechanical property of MMC when reinforcement readily reacts with alloy melt. In the Al 2 O 3 and SiC particle/Al-Cu alloy composites, no reaction layer was observed on the interface of reinforcement particle and matrix, while a reaction layer was observed in the SiO 2 particle/Al-Cu alloy composites. As shown in Fig. 10 , the α-Al 2 O 3 peak was observed in X-ray diffraction pattern obtained in the vicinity of the interface between SiO 2 particle and Al-Cu matrix. This indicates that the Thermit reaction (4Al + 3SiO 2 → 2Al 2 O 3 + 3Si) occurred and SiO 2 particles were decomposed, resulting in the formation of Al 2 O 3 on the surface of SiO 2 particles. In the SiO 2 /Al-Cu composite with 90% fraction of SiO 2 in volume (V P = 90%), primary and eutectic silicon crystallized in the matrix as a resultant of the Thermit reaction.
In order to evaluate a bonding strength of reinforcement particles to alloy matrix, microvickers hardness (HV) of reinforcement particles was measured for Al 2 O 3 and SiC particle/Al-Cu alloy composites (V P = 90%). Dhindaw et al. 6) have reported that the stronger the reinforcement particles bond to alloy matrix, the higher the Vickers hardness becomes. Figure 11 shows an example of the results of microvickers hardness test carried out on the Al 2 O 3 particle/AlCu composite with strongly bound particle/matrix interface and weakly bound interface. The microvickers hardness measured on the specimen with strongly bound interface is almost constant and close to the intrinsic hardness of Al 2 O 3 (HV = 1600-1800). 7) Compared with the specimen having a strongly bound interface, the specimen with a weakly bound interface shows a large scatter in the hardness values, which may reflect the intrinsic nature of the weakly bound interface where the reinforcement particles would be slightly moved on loading due to the weak bond and the existence of voids in the interface. The results obtained suggest that the bonding strength of reinforcement particles to alloy matrix can be qualitatively evaluated by microvickers hardness test on reinforcement particles.
Application of LPI process
The appearance and microstructure near the interface in the Al-Cu/Al-Cu-SiC P hybrid specimen are shown in Fig. 12(a) . The center of the cylindrical specimen is Al-12 mass%Cu bulk alloy and the outer shell is the SiC particle/Al-Cu alloy composite (V P = 50%). The microstructure of the SiC particle/Al-Cu composite with a functionally graded distribution of SiC particles is shown in Fig. 12(b) . The volume fraction of reinforcement particle is varied from V P = 90% to V P = 30% at intervals of 5 mm height. The functionally graded distribution of SiC particle is obtained over 20 mm.
Conclusions
(1) The critical pressure required for infiltration into the particle packed layer was calculated on the basis of the pressure balance at the advancing melt front in the pressure infiltration process. The calculated critical pressure was in good agreement with the experimental results. When employing the mixed powder which consists of reinforcement particles and metal particles, the critical pressure for infiltration was remarkably decreased. The calculated infiltration pressure was in good agreement with the experimental results.
(2) The homogenous particle distribution was accomplished under the condition that the metal particles in the mixed powder were not melted, while the heterogeneous particle distribution was observed when the metal particles were melted.
(3) No reaction product was observed at the inter-face of reinforcement particle and matrix in Al 2 O 3 and SiC particle/Al-Cu alloy composites, while in the SiO 2 particle/Al-Cu alloy composites, the formation of α-Al 2 O 3 resulting from the Thermit reaction between SiO 2 particle and alloy melt was identified on the SiO 2 /matrix interface. (4) The bonding strength of reinforcement particles to matrix can be evaluated from microvickers hardness test on reinforcement particles.
